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ABSTRACT 

The NBS/GPS rece iver  has been designed around the con- 
cept  o f  ob ta in ing  h igh  accuracy, low cos t  time and 
frequency comparisons between remote frequency stan- 
dards and clocks w i t h  the  i n t e n t  t o  a i d  in te rna t iona l  
t ime and frequency coordinat ion. Simultaneous viewing 
w i t h  the USNO commercial GPS receiver  a t  Washington, 
DC and t he  NBS constructed rece iver  a t  Boulder, CO 
( -  3000 km base1 i n e )  y ie lded  synchronizat ion accuracies 
o f  less than 10 ns as compared w i t h  several por table 
c lock  t r i p s .  

The hardware and software o f  the NBS/GPS receiver  w i l l  
be ou t l ined  i n  the t e x t .  The rece iver  i s  f u l l y  auto- 
matic under microprocessor con t ro l  w i t h  a b u i l t - i n  
0.1 ns r eso lu t i on  t ime i n t e r v a l  counter. The micro- 
processor a lso  does data processing. S a t e l l i t e  s ignal  
s t a b i l i t i e s  are r o u t i n e l y  a t  the 5 ns leve l  f o r  15 s 
averages, and the i n t e rna l  rece iver  s t a b i l i t i e s  are a t  
the 1 ns l eve l .  The second generat ion receiver  has a 
b u i l t - i n  CRT and p a r a l l e l  keyboard f o r  operator i n t e r -  
face. Se r i a l  RS232 i s  provided f o r  l o ca l  hardcopy 
( p r i n t e r )  and telephone modem use. 

. RECEIVER BASIC FREQUENCY PLAN 

The NBS/GPS rece iver  u t i  1 i zes  t r i p l e  conversion, w i t h  
the f i r s t  I F  a t  75.42 MHz. This I F  i s  wide band (25- 
150 MHz) and provides about 50 t o  55 dB o f  ne t  gain. 
The co r re l a t i on  mixer converts the I F  t o  10.7 MHz. 
The pos t -cor re la t ion  bandwidth i s  se t  by a 12 kHz 
c r ys ta l  f i l t e r .  The 10.7 MHz IF  gain o f  1 t o  30 dB 
i s  con t r o l  l ed  by a microprocessor dur ing  lock-up and 
by coherent AGC a f t e r  lockup. The t h i r d  I F  o f  700 kHz 
was chosen f o r  ease o f  implementation o f  the phase 
coherent detectors us ing CMOS switches. Approximately 
40 dB o f  gain i s  provided i n  the 700 kHz IF. By 
l i m i t i n g  gain a t  each I F  t o  less than 60 dB, we min- 
imize s t a b i l i t y  problems. With t h i s  se lec t ion  o f  I F  
frequencies we have no problems w i t h  c a r r i e r  f a l se  
l ock  due t o  spurious frequency in ter ference.  

CORRELATION LOOP 

The co r re l a t i on  loop i s  an ea r l y - l a t e  (2 1/2 ch ip )  non- 
coherent type. The l o c a l l y  generated c l ea r  access 
(C/A) sequence bi-phase modulates 86.12 MHz from the 
c a r r i e r  loop. The resu l t an t  s ignal  i s  appl ied t o  the 
co r re l a t i on  mixer and, i f  the l oca l  and received 
sequences are al igned, the r e s u l t a n t  10.7 MHz IF  out 
contains on ly  the bi-phase (50 Hz) data t r ans i t i ons  
( o f  course, w i t h  the  e a r l y - l a t e  d i t h e r  o f  the l oca l  
code, one-half o f  each code ch ip  i s  l o s t ) .  Servo 
e r r o r  voltage i s  obtained from the envelope detector  
dur ing  i n i t i a l  l o ck  and from the i n  phase coherent 
detector  through a 1 ms delay sampler when locked. 
Cor re la t ion  loop bandwidth i s  se t  t o  3 Hz dur ing 
acqu i s i t i on  and 1 Hz wh i le  t rack ing.  

CARRIER LOOP 

The c a r r i e r  loop operates as a frequency snythesizer 
dur ing co r re l g t i on  loop acqu i s i t i on  and a Costas loop 
when t rack ing.  The companion microprocessor computes 
the expected Doppler from almanac data and sets the  
c a r r i e r  synthesizer accordingly. Range i s  + 4800 Hz, 
i n  400 Hz steps. The c a r r i e r  synthesizer w i l l  there- 
fore be w i t h i n  +ZOO Hz o f  t he  c a r r i e r  center  f r e -  
quency when the  t rack  mode i s  i n i t i a t e d .  Car r ie r  
acqu i s i t i on  fo l lows  w i t h i n  one second. 

SOFTWARE 

A m6asurement computation involves doing a l eas t  
squares quadrat ic  f i t  t o  15 seconds o f  pseudo-range 
data, evaluat ing the mid-point est imate o f  the fit, 
computing the s l an t  range t o  the  space veh ic le  (SV) 
making the Sagnac correct ion,  computing the SV c lock  
co r rec t i on  and s t o r i ng  a value f o r  LOCAL-SV and LOCAL- 
GPS. This data i s  a lso  output  t o  the  video d isp lay  
(and) t o  the  hard copy device i f  desired. A complete 
measurement computation sequence executes i n  2.1 
seconds. The main program i s  busy about 20-25% o f  the 
time and i s  i n  the i d l e  loop the  r e s t  o f  the  time. 

Up t o  48 t r ack  times per day may be programed i n t o  
the receiver .  At  the end o f  each t r ack  time--normally 
about 8 minutes--the main program then does a l e a s t  
squares l i n e a r  f i t  on the 15 second data po in ts  f o r  
LOCAL-SV and LOCAL-GPS. It then stores the i n t e r -  
cepts and slopes, along w i t h  the  SV#, t ime a t  
beginning o f  t rack,  azimuth and e leva t ion  (AZIEL) a t  
the end o f  the  track, and sigma f o r  the f i t s .  The 
sigmas vary from 2 us t o  20 vs depending on the t ime 
o f  day, AZIEL and the  SV. 

The main program i s  by f a r  the l a rges t  o f  the nine 
programs running i n  the machine. It receives commands 
t o  do var ious funct ions through a 16-byte c i r c u l a r  
buf fer .  Up t o  15 comnands may be queued up a t  one 
time. Normally no more than three o r  f ou r  commands 
w i l l  be queued i n  the  buf fer .  At  present, a t o t a l  o f  
18 d i f f e r e n t  commands are executed by the main pro- 
gram, bu t  t h i s  number w i l l  u l t i m a t e l y  grow t o  the mid 
twenties when a1 1 the planned funct ions a re  added. 
A l l  p rec ise  a r i thmet ic  funct ions a re  handled through a 
15-decimal d i g i t  f l o a t i n g  p o i n t  package w i t h  hex 
i n t e rp re te r ,  espec ia l l y  developed f o r  t h i s  system. 
The f l o a t i n g  po in t  package occupies about 2k bytes. 

A l l  o f  the  i n t e r r u p t  d r i ven  programs are concerned 
w i t h  input /output  operations. The two RS-232 programs 
are concerned w i t h  communications over a telephone 
modem, and the video and keyboard programs provide the 
1 ocal operator in te r face .  

The complete software package i s  about 32k bytes o f  
machine language code, w i t h  16k o f  firmware and 
d isp lay  format t ing i n  EPROM and 16k o f  program i n  RAM 
t o  be loaded from tape, e.g., the  l o c a l  coordinates. 

COMMON VIEW DATA ANALYSIS RESULTS 

As has been shown [I] one o f  t he  main advantages o f  
the GPS i n  comon-view approach i s  the  cance l la t ion  o f  
e r r o r s  t h a t  are common i n  both legs o f  the viewing 
path w i t h  the same GPS s a t e l l i t e  i s  viewed simul- 
taneously. Therefore, the on ly  e r r o r s  i n  the time and 
frequency measurements between two remote s i t e s  are 
due t o  changes i n  the d i f f e r e n t i a l  delays. The 
f o l l ow ing  analys is  i s  an e f f o r t  t o  character ize the 
1 im i t a t i ons  o f  using GPS sate1 1 i t e s  i n  common-view 
measurements taken simultaneously a t  the U.S. Naval 
Observatory i n  Washington, DC w i t h  i t s  GPS receiver, 
and w i t h  the NBS constructed rece iver  located i n  



Boulder ,  CO ( a  base1 i n e  of about  3,000 k i l o m e t e r s ) .  
We began c o l l e c t i n g  d a t a  u s i n g  t h i s  mode on t h e  3 1 s t  
o f  May 1981 and performed t h e  a n a l y s i s  ove r  t he  p e r i o d  
o f  June, Ju l y ,  August and September o f  1981. Three 
p o r t a b l e  c l o c k  t r i p s  were made d u r i n g  t h i s  p e r i o d  and 
n e a r l y  d a i l y  va lues were taken on NAVSTAR sate1 1  i t e s  
3, 4, 5  and 6, wh ich  cor respond t o  space v e h i c l e  (SV) 
6, 8, 5  and 9, r e s p e c t i v e l y .  We agreed w i t h  USNO t o  
measure a t  r e l a t i v e l y  h i g h  e l e v a t i o n  angles a f t e r  up- 
l o a d  o f  t h e  SV c l o c k  and ephemeris parameters f r om 
Vandenberg A i r  Force Base occurs ;  we a l s o  agreed t o  
change the t i m e  once a  week about  28 minutes  t o  c o r -  
respond w i t h  t h e  movement o f  t h e  ephemeris. Thus t h e  
s a t e l l i t e s  were viewed a t  nom ina l l y  cons tan t  az imuth  
and e l e v a t i o n  ang les  a t  each o f  t h e  two s i t e s .  The 
USNO r e c e i v e r  a p p l i e s  i onosphe r i c  and t roposphe r i c  
c o r r e c t i o n s .  The NBS r e c e i v e r  c o l l e c t s  t h e  c o r r e c t i o n  
data ,  b u t  t h e  c o r r e c t i o n s  were n o t  app l i ed .  The 
v iew ing  t ime  f o r  t h e  c o n s t e l l a t i o n  o f  t h e  above f o u r  
s a t e l l i t e s  moved f rom n o m i n a l l y  m i d n i g h t  on the  3 1 s t  
of May t o  l a t e  morn ing f o r  t h e  September data- - the  
da ta  be ing  taken ove r  about  a  th ree-hour  p e r i o d  f o r  
t h e  f o u r  s a t e l l i t e s .  Th i s  moved t h e  v iew ing  through 
a  s i g n i f i c a n t l y  d i f f e r e n t  p e r i o d  i n  t h e  i onosphe r i c  
p r o f i l e - - g o i n g  f rom m i d n i g h t  de lays  t o  d a y t i j e  delays.  
The coo rd ina tes  o f  USNO and NBS used were 38 55' 
13.503" No r th  L a t i t u d e ,  28g0 56 '  0.151" East Longi tude, 
+ 47.68 m e l e v a t i o n  and 39 59'  43.6220" No r th  L a t i -  
tude,  254' 44 '  15.569" East Long i tude,  1663.3 m  e l e -  
v a t i o n ,  r e s p e c t i v e l y .  Both s i d e s  a r e  about t h e  same 
l a t i t u d e ,  which would make the  d i f f e r e n t i a l  de lay  i n  
t h e  ionosphere  about t h e  same. 

The s h o r t - t e r m  s t a b i l i t y  has been analyzed i n  a  pre-  
v i o u s  paper [Z]. F ig .  1 i s  a  rev iew  o f  t h a t  s t a b i l i t y  
showing t h e  s h o r t - t e r m  w h i t e  phase no i se  cha rac te r -  
i s t i c s  o f  t h e  apparent  p ropaga t i on  f l u c t u a t i o n s  f rom 
t h e  s a t e l l i t e  t h rough  t h e  r e c e i v e r ,  t o  t he  re fe rence  
c l o c k  on the  ground. I f  t h e  w h i t e  phase n o i s e  shown 
i n  F ig .  1 were t h e  o n l y  l i m i t i n g  no ise ,  t h e  mean va lue  
o f  an 8-10 m inu te  d a t a  s e t  would have an u n c e r t a i n t y  
o f  l e s s  t han  one nanosecond. However, when we ana lyze 
t h e  day-to-day f l u c t u a t i o n s ,  t hey  were o f  t h e  o rde r  o f  
10 nanoseconds rms, wh ich  i n d i c a t e s  t h a t  t h e r e  i s  
another  random n o i s e  d r i v i n g  mechanism on the  day-to- 
day f l u c t u a t i o n s .  A  p o s s i b l e  mechanism i s  t h e  d a i l y  
u n c e r t a i n t i e s  i n  t h e  emphemeris. Fo r tuna te l y ,  i n  t h e  
common-view approach, t h e  c l o c k  e r r o r  goes t o  zero ,  
and t h e  ephemeris e r r o r  i s  s i g n i f i c a n t l y  reduced f rom 
t h e  a c t u a l  e r r o r  r e a l i z e d  i n  a  n a v i g a t i o n  s o l u t i o n .  
F ig .  2  i s  a  p l o t  v i a  t h e  common-view approach o f  UTC 
(USNO) prov is iona l -UTC (NBS). The c i r c l e s  i n d i c a t e  
t h e  p o r t a b l e  c l o c k  t r i p s  made d u r i n g  t h i s  pe r i od .  The 
f i r s t  c l o c k  t r i p  was s imp ly  used t o  c a l i b r a t e  t h e  
d i f f e r e n t i a l  d e l a y  between t h e  LISNO and NBS r e c e i v e r s  
and amounted t o  335 nanoseconds. The remain ing two 
t r i p s  used t h a t  as a  c a l i b r a t i o n  va lue  assuming i t  
would remain cons tan t .  The va lues were compared 
a g a i n s t  q u a d r a t i c  l eas t - squa res  f i t s  t o  t h e  da ta  over  
t h e  p e r i o d  i n  wh ich  t h e  c l o c k  t r i p  was taken. The 
p o r t a b l e  c l o c k  va lues agreed t o  w i t h i n  an rms o f  l e s s  
t han  10 nanoseconds--which i s  o f  t h e  o r d e r  o f  t h e  
p o r t a b l e  c l o c k  t r i p  u n c e r t a i n t i e s .  Four months o f  
da ta  were broken up i n t o  ten-day segments where con-1' 
t i n u o u s  d a t a  were a v a i l a b l e .  For each ten-day segment 
and f o r  each o f  t h e  space v e h i c l e s  (SV6, 8, 5, and 9 )  
NAVSTAR 3, 4, 5, and 6, r e s p e c t i v e l y ,  a  l i n e a r - l e a s t -  
squares (LLS) f i t  t o  t h e  USNO-NBS c l o c k  t i m e  d i f f e r -  
ences was c a l c u l a t e d .  Each LLS f i t  gave an i n t e r c e p t  
and a  s lope.  The cons i s tancy  o f  these i n t e r c e p t s  and 
s lopes  a r e  a  measure o f  t h e  synch ron i za t i on  and syn- 
t o n i z a t i o n  accu rac ies ,  r e s p e c t i v e l y ,  taken across  t h e  
f o u r  s a t e l l i t e s  and as a  t ime  s e r i e s  g i ven  t h e  ten-day 
average. Taken as a  t i m e  se r i es ,  t h e  u n c e r t a i n t y  on 
t h e  LLS f i t  f o r  a  s i n g l e  s a t e l l i t e  was 4.7 nanoseconds 

and averaged across  t h e  f o u r  s a t e l l i t e s  was 2.2 nano- 
seconds. The u n c e r t a i n t y  on t h e  s l o p e  from a  s i n g l e  
s a t e l  1  i t e  f o r  t h e  ten-day average was about  0.7 nano- 
seconds pe r  day and averaged across  t h e  f o u r  s a t e l -  
l i t e s  was 0.3 nanoseconds pe r  day. A  s l i g h t  asymmetry 
i n  t h e  i n t e r c e p t  va lues was observed t h a t  seemed con- 
s i s t e n t  f r om one ten-day i n t e r v a l  t o  t h e  n e x t  and 
amounted t o  a  peak-to-peak o f  about seven nanoseconds, 
wh ich  would i n d i c a t e  p o s s i b l y  an e r r o r  i n  t he  coo rd i -  
na tes  a t  one o r  b o t h  o f  t h e  s i t e s .  

Fig.  3  shows a  f requency s t a b i l i t y  a n a l y s i s  u s i n g  
m o d i f i e d  u (T) versus the  sampl ing t i m e  [3]. The 
shaded a r e J  rep resen ts  range o f  performance o f  t h e  
s t a t e - o f - t h e - a r t  s tandards  t h a t  a r e  c u r r e n t l y  be ing  
s t u d i e d  i n  va r i ous  t i m i n g  cen te rs .  The square b locks  
a r e  s t a b i l i t y  measures f o r  Loran-C taken  over  t h e  l a s t  
y e a r  f o r  comparison purposes. The c i r c l e s  w i t h  t h e  x  
i n  t h e  m idd le  a re  t h e  f requency s t a b i l  i t y  a n a l y s i s  of 
t h e  da ta  shown i n  F ig .  7  f o r  t h e  comparisons o f  t h e  
t i m e  sca les  UTC(USN0) versus UTC(NBS). The c i r c l e s  
w i t h  t h e  d o t s  i n  t h e  m idd le  a r e  es t ima tes  o f  t h e  GPS 
measurement l i m i t  f r om t h e  p rev ious  ten-day a n a l y s i s .  
The one-day , two-day and ten-day va lues were c a l  cu- 
l a t e d  by measur ing t h e  same t h i n g  w i t h  t h e  f o u r  
satellites--UTC(USNO)-UTC(NBS). It J 7 2 i n t e r e s t i n g  
t h a t  t he  measures seem t o  f o l l o w  a  T behav ior ,  
which would i n d i c a t e  w h i t e  phase n o i s e  aga in ,  b u t  a t  a  
h i g h e r  l e v e l .  There a r e  n o t  apparent  i n d i c a t i o n s  o f  
sys tema t i cs  f o r  sample t imes o u t  t o  ten-days, which 
a l l o w s  us t o  have a  f requency comparison c a p a b i l i t y  
ove r  ten-day samples o f  about  t h r e e  p a r t s  i n  1015.  It 
then becomes apparent  t h a t  a t  t h e  ten-day averag ing 
t ime  t h e  GPS i n  common-view i s  about a  f a c t o r  o f  26 
t imes b e t t e r  than i s  Loran-C f o r  t h e  Washington, 
Bou lder  path.  It i s  a l s o  i n t e r e s t i n g  t o  n o t e  t h a t  f o r  
sample t imes o f  t h e  o r d e r  o f  f o u r  days and l onge r ,  t h e  
i n s t a b i l i t i e s  o f  two of t h e  b e s t  c l o c k  ensembles i n  
t h e  w o r l d  a r e  measurable u s i n g  the  GPS i n  common-view 
approach. 
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